The results from transmission electron microscopy (TEM) microstructural studies of devitrified amorphous alloys with a composition Al 88 RE 8 Ni 4 are presented as a function of average rare earth atomic radii (between 1.76 to 1.87 Å). Rare earth elements {Gd, Er, and La} were co-substituted to vary the average atomic radius (r RE ), while maintaining an 8 at. % rare earth concentration. As reported previously for Al 88 La 2 Gd 6 Ni 4 glasses, compositional phase separation prior to crystallization was observed in all alloys of this series. TEM examination of amorphous samples following low temperature annealing treatments showed the development of strong image contrast prior to crystallization, corresponding to a segregation of the glassy matrix into aluminum-rich and solute-rich regions over a few tens of nanometers length scale. The subsequent crystallization behavior depended on the average rare earth radii, with metastable intermetallic phases forming first in glasses made with larger r RE and with fcc α-Al nanocrystallization in smaller r RE glasses, showing preferential nucleation and growth of α-Al near the boundaries of the phase separated regions.
Introduction
Since their discovery in 1988, much research has concentrated on the aluminumbased glasses and their crystallization products. A nanocrystalline microstructure, consisting of nanometer sized α-Al grains with a density approaching 10 22 /m 3 in an amorphous matrix, frequently forms upon devitrification (crystallization) of these glasses (Inoue 1998) . These nanostructured composites often show remarkably improved physical properties, especially in their hardness and ductility, when compared to conventional aluminum alloys. Attempts have been made to attribute the high density of nanocrystals to heterogeneous nucleation (Ricci et al. 1998) , quenched-in nuclei (Jiang et al. 1997 , Allen et al. 1998 , and a new type of nucleation (coupled-flux model) that couples the interfacial and long-range diffusion fluxes (Kelton 1998) . The degree to which any of these models correctly describe nanocrystallization is still a subject of debate.
The composition of glasses that crystallize to phases of a different composition can have a dramatic influence on the scale of the devitrified microstructure. Both the nucleation and growth kinetics can change, due to changes in the diffusion rate of the partitioning species and possible chemical clustering in the liquid. To isolate the kinetic effects of diffusion on the microstructural evolution in Al-RE-TM glasses, studies were made earlier of glass formation and crystallization when members of the Lanthanide series were co-substituted (Gangopadhyay and Kelton 2000) . The similar chemistry of the rare earth elements should leave any tendency toward clustering in the liquid and glassy states unchanged. This is supported by the observed minor change in the melting temperature of the Al 3 RE phase across the RE series (Massalski 1990 ). However, a strong dependence of the diffusion coefficient on the rare earth element included is expected, since the diffusion coefficient is a function of the radius of the diffusing species, and the atomic radius varies by 10% across the Lanthanide series. The devitrification microstructures of metallic glasses that contain different average RE radii should therefore reflect these changes in the diffusion coefficient.
Previous DSC crystallization studies of Al-RE-TM metallic glasses made as a function of the average rare earth radius show clear trends in the glass formation behavior (indicated by the presence of a glass transition temperature, T g ) as well as differences in the primary crystallizing phase (Gangopadhyay and Kelton 2000) . With smaller average rare earth radii (r ≤ 1.8013 ), quenched amorphous alloys transformed to α-Al, but did not show a clear glass transition prior to crystallization. For glasses made with larger average rare earth radii (r ≥ 1.821 ), prominent glass transitions were observed prior to the primary crystallization of a metastable cubic intermetallic phase. In glasses made with average rare earth radii between these two extremes (Al 88 La 2 Gd 6 Ni 4 and Al 88 La 1 Gd 7 Ni 4 , 1.811 ≤ r ≤ 1.821 ), a clear glass transition and primary crystallization to α-Al were observed.
In subsequent studies, special attention was given to the intermediate-sized rare earth rapidly quenched alloys of composition Al 88 La 2 Gd 6 Ni 4 . Amorphous x-ray diffraction patterns of the as-quenched ribbons and the presence of a peak in isothermal DSC experiments demonstrated that the sample is indeed amorphous, not microcrystalline. To determine the crystallization mechanism, the microstructure was studied in these glasses following a series of annealing treatments from temperatures near the first DSC crystallization peak, T x , (to α-Al) to the glass transition temperature and below (Gangopadhyay et al. 2000) . TEM examination of the samples showed that phase separation (on a length scale of approximately 60-75 nm) into Al-rich and solute-rich regions occurred prior to crystallization. With increasing annealing time, α-Al crystallization began preferentially in the glass near the edges of the phase-separated regions. The crystallization behavior was successfully explained by a simple, but realistic, numerical model based on the nucleation and growth of α-Al on the boundary of phase separated regions (Gangopadhyay et al. 2000) .
Considering that only 12 at. % solute is present, the observation of phase separation in amorphous Al 88 La 2 Gd 6 Ni 4 is somewhat surprising. Naturally, this calls for further studies on other alloy compositions. Because the DSC studies demonstrated that small changes in the rare earth radii alter both the glass formation and the primary crystallizing phase, a more systematic study was made of the devitrification process as a function of average rare-earth atomic radius. Here are presented the results from a TEM-based study of the degree of phase separation and a possible correlation with the subsequent crystallization mechanism for annealed Al 88 RE 8 Ni 4 alloys with different average rareearth radii. Since phase separation on a nano-scale provides a natural mechanism for limiting the grain size, this may be a precondition for nanocrystallization of the type commonly observed in Al-RE-TM glasses, especially for TM=Ni. A possible correlation between the phase separation and the evidence of a glass transition temperature on heating is also investigated.
Experimental Procedure
Alloy ingots of Al 88 RE 8 Ni 4 (RE = La, Gd and Er with co-substitutions of the RE) were prepared by arc-melting in an argon atmosphere on a water-cooled copper hearth. The samples were flipped and re-melted several times to ensure compositional homogeneity. Amorphous ribbons were prepared by induction melting the ingots to 1100-1150°C (well above the liquidus temperature) in a graphite crucible and then rapidly quenching onto a copper wheel rotating at 65-70 m/s. In some cases, a boron nitride crucible was used for quenching to assess the effect of possible contamination from the crucible material on glass formation and crystallization. The quenched ribbons were continuous for 10-250 cm and had an average cross section of 1-2 mm by 20-30 µm. Multiple batches of quenched ribbons were prepared and characterized for reproducibility. For annealing studies, the quenched ribbons were wrapped in aluminum foil and immersed into a tin-lead solder bath. Heat flow calculations showed that the thermal equilibration times were much shorter than the annealing times, making temperature transients an insignificant source of error.
Transmission electron microscopy (TEM) samples of as-quenched and annealed ribbons were prepared by ion milling or electrochemical jet polishing. Milling artifacts due to local heating were minimized by using liquid nitrogen cooling and relatively low gun currents (20-30µA), below the normal threshold at which mill damage occurs (Glauert 1972) . A JEOL 2000FX TEM, equipped with a Noran energy-dispersive x-ray spectrometer (EDXS), was used to determine the phase composition and microstructure of the quenched and annealed samples. Standardless quantitative analysis of the composition of the alloy ribbons using EDXS showed a total rare earth content of 6-7 at. % after quenching, indicating some loss of the reactive rare earth elements during quenching. However, the measured ratio of rare earth elements in the as-quenched ribbons (e.g. at. % La/ at. % Gd) closely matched that in the nominal composition, allowing the properties of the alloys to be studied as a function of average rare earth size. Samples were also characterized by x-ray diffraction, using a Rigaku powder x-ray diffractometer and Cu-K α radiation, and by differential scanning calorimetry, using a Perkin-Elmer DSC7 with a modified gas-handling system to minimize sample oxidation.
Results

DSC Devitrification Studies
The alloy compositions studied are listed in Table I , with the average atomic radius of the rare earth species, r RE . Figure 1 shows the DSC scans for selected alloys at 10°C/min scanning rate; the glass transition temperature, T g , and crystallization peak temperature, T x , are listed in Table I . Although these results were reported earlier, the data are presented again for the benefit of the readers (Gangopadhyay and Kelton 2000). The DSC transformation behavior was similar for all alloys made with a smaller average rare earth radius (Al 88 Gd x Er 8-x Ni 4 for x = 2,4,6,8). No glass transition temperature was observed. The first phase to crystallize was the fcc solid phase, α-Al. These crystallization peaks were broad, with onsets between 200 and 225°C. The crystallization to α-Al was followed by a sharper peak with an onset between 315 and 330°C, corresponding to the crystallization of the remaining glass to an intermetallic phase. A broader crystallization event occurred at even higher temperature (with onset between 350 and 375°C). While the identity of each phase that formed during each crystallization event was not determined, after scanning to 500°C, the completely crystallized samples contained the α-Al, Al 3 Er and Al 3 Ni phases.
Alloys made with Gd and La, Al 88 La x Gd 8-x Ni 4 for x = 1,2,3,4,6, had a larger average rare earth radius and showed a different transformation behavior in the DSC. Unlike the alloys made with a smaller r RE , all of these glasses showed a clear glass transition temperature. The devitrification behavior was also different. The broad, lowtemperature, peak that was a characteristic of α-Al formation, was only present in Al 88 La x Gd 8-x Ni 4 for x=1,2; a more rapid primary crystallization peak corresponding to the formation of a metastable fcc cubic phase (a=7.9 ) occurred in Al 88 La x Gd 8-x Ni 4 for x = 3,4,6. After scanning to 500°C, these fully crystallized samples contained Al 11 RE 3 , Al 3 Ni, α-Al, and a small amount of an unidentified phase. The stability of these glasses was also more sensitive to the quenching conditions. A variation of 10 o C for the onset of crystallization was observed for samples from different quenches of the same composition. Since experience has shown that the length scale of the final crystallized microstructure is largely controlled by the first devitrification event, the variability in onset temperature was expected to produce a different microstructure. The observed microstructural features in annealed samples from different quenches, however, were very similar.
While glass formation was easy in the quaternary alloys, it occurred erratically in the Al 88 La 8 Ni 4 ternary alloy. It did not occur at all in Al 88 Er 8 Ni 4 alloys; instead the quenched material contained a mixture of Al 3 Er and α-Al. These partially crystalline alloys were not studied extensively, since the crystallization during the quench made it difficult to observe phase separation in the amorphous phase, which as will be discussed below, was observed frequently in these alloys.
Al 88 RE 8 Ni 4 Alloy Microstructures
Alloys with smaller average rare earth size, r RE
As-quenched and annealed alloys with a smaller average rare earth radii (Al 88 Gd x Er 8-x Ni 4 (x=2,4,6) with 1.76Å < r RE < 1.801 Å) were examined to determine the crystallization mechanism. As already mentioned, these alloys showed no glass transition upon heating and typically had lower crystallization onset temperatures (205-225°C) with respect to other Al 88 RE 8 Ni 4 alloys. The lack of a glass transition suggests that the alloys may not be amorphous, but rather consist of extremely fine-grained nanocrystals. However, a lack of contrast in high resolution TEM images of the asquenched alloy ribbons and the presence of a peak at non-zero time in isothermal DSC scans indicate that the material is amorphous (Gangopadhyay and Kelton 2000) . Figure 2 shows a bright field image of an Al 88 Gd 2 Er 6 Ni 4 glass after annealing for 1 hour at 170°C, approximately 55°C below the crystallization onset temperature. TEM contrast on a length scale of 50 nm is observed, along with a fully amorphous SAD patterns (inset). Bright field images from as-quenched alloys of this composition show no contrast, demonstrating that the contrast results from the annealing treatment. Crystallization to α-Al is observed after longer annealing treatments or for shorter annealing treatments at higher temperatures, but only after the formation of this contrast in the amorphous phase. EDXS studies show that the darker boundary regions are enriched by approximately 2 at.% in nickel and the rare earth, over the average glass composition (determined from an EDXS measurement over a large area of the glass). Since the width of the darker regions (typically 10 nm) is near the spatial resolution for composition measurements, due to lateral beam spreading, the actual solute enrichment in the darker region must be larger than 2 at.%. These results show that the contrast observed in the TEM images is due to phase separation of the alloy into solute-rich and solute-poor amorphous regions. This was further confirmed from energy filtered TEM of Al 88 La 2 Gd 6 Ni 4 samples (A.L. Greer, 2000, private communications). The segregation of nickel to the dark boundary regions was clearly observed in jump-ratio images. However, no conclusive evidence for the segregation of the rare-earth elements was found in those studies. That phase separation precedes α-Al nano-crystallization is not surprising, since the nucleation and growth rates of α-Al should be faster in solute-poor regions. Care must always be taken to avoid the introduction of image artifacts due to sample preparation. Milling damage, however, cannot account for the development of the contrast attributed to phase separation. As-quenched glasses with smaller values for r RE showed no contrast. These glasses have the lowest crystallization temperature (Table 1) and are, therefore, least stable against transformations induced by localized heating during milling. The intensity of the contrast modulation clearly increases as a function of annealing time, indicating a growing compositional fluctuation due to elemental segregation. Changes in the composition and structure of the glass will likely change the physical properties, such as hardness. The strong contrast observed in the TEM images, then, is presumably enhanced by preferential ion milling of the relatively Al-rich regions. Figure 3 shows TEM bright field images for as-quenched samples of Al 88 Gd 6 Er 2 Ni 4 that had been annealed for 5 minutes and 1 hour respectively at 170 o C, approximately 45°C below the onset temperature, T x . Like the as-quenched alloy, the sample that was annealed for 5 minutes ( fig. 3.a) showed little contrast in the bright field image and fully amorphous SAD patterns. As shown in fig. 3 .b, however, bright field images from the sample annealed at the same temperature for 1 hour showed phase separation at multiple length scales. Both small micellar-type regions with a typical spacing of 5 nm, and larger light regions separated by darker, solute-rich boundaries, with an approximate dimension of 50 nm, were observed. There was also evidence for the beginning of α-Al crystallization in the one hour annealed sample. This is indicated by the visible splitting of the main amorphous ring into two rings (corresponding to the [111] and [200] zones of the 4.05Å fcc α-Al) in SAD patterns. The nanocrystals of α-Al, however, were less than 2 nm in diameter and were barely visible in TEM bright field images made at high magnification. They were not, therefore, the origin of the larger contrast fluctuations that were observed. Copious nucleation of α-Al was observed in all small r RE alloys after long anneals at temperatures that are 30 to 50°C below T x , or after short anneals near T x . This is illustrated in fig. 4 , showing α-Al nanocrystals (10-15 nm in diameter) in a Al 88 Gd 4 Er 4 Ni 4 glass that was annealed for 10 minutes at 3°C below T x . A close examination of this and similar images revealed that the α-Al grains did not nucleate randomly in space, but rather they formed circular patterns with a typical diameter equal to that of the amorphous phase separated regions discussed previously. The solute-rich interfaces from phase separation were still faintly visible in the nanocrystallized regions. A similar microstructure was observed in the early devitrification stages for Al 88 Gd 6 La 2 Ni 4 alloys (Gangopadhyay et al. 2000) . The α-Al nanocrystals then preferentially nucleated at the interface between the phase separated regions. As annealing times were increased, the remaining amorphous regions also crystallized. With increasing annealing time at temperatures near the α-Al crystallization onset temperature, the α-Al grains developed a dendritic morphology ( fig. 5) , due to the increasing solute rejection with grain growth. This feature was common to all the α-Al forming compositions and occurred only in the later stages of crystallization. 
Alloys with larger average rare earth size, r RE
As discussed earlier, all Al 88 La x Gd 8-x Ni 4 (with x = 3,4,6) glasses, with r RE between 1.83 and 1.86 Å, show a pronounced glass transition but lack the broad, low temperature α-Al crystallization DSC peak that is observed in other Al 88 RE 8 Ni 4 glasses. These glasses crystallized first to metastable intermetallic phases. The observed changes in crystallization behavior occur systematically with a changing average rare-earth atomic radius. They are not due to the particular rare earth atom substitutions, such as La for Er, since the Al 88 La 2 Gd 6 Ni 4 and Al 88 La 1 Gd 7 Ni 4 glasses have a crystallization behavior that is more similar to Al-Gd-Er-Ni alloys than to other compositions of Al-Gd-La-Ni.
For glasses with slightly larger values for r RE , contrast like that observed in annealed Al-Gd-Er-Ni glasses, due to phase separation, was visible in as-quenched ribbons (fig 6) . In this Al 88 La 4 Gd 4 Ni 4 glass, compositional contrast was visible over multiple length scales. The magnitude of phase separation was different for different portions of the quenched ribbon, which is not surprising given the highly non-equilibrium processing during rapid quenching. Also, there were signs of coarsening of the phase separated regions; this will be discussed later. Faint rings in the SAD patterns, corresponding to the [111] and [200] α-Al reflections, grew sharper during low temperature annealing (170°C). TEM examination, however, showed no nanocrystalline grains above 2 nm. This likely signaled the nucleation of α-Al, but it is also possible that the nanocrystals existed in the as-quenched alloys, but were below the detection level. In larger r RE samples, however, the slower diffusing RE elements severely limited α-Al growth, leading instead to intermetallic formation.
Similar behavior was observed in Al 88 La 6 Gd 2 Ni 4 , where the as-quenched showed solute-rich boundaries with a typical separation of 60-75 nm (Fig. 7) . Here, the SAD pattern (inset) shows an amorphous sample with no suggestion of the α-Al doublet peaks. Higher temperature annealing treatments were used to study crystallization after phase separation. The crystallization behavior is a strong function of the average rare earth atomic radius. Increasing r RE by only 1% (from Al 88 La 2 Gd 6 Ni 4 to Al 88 La 3 Gd 5 Ni 4 glasses) shifted the primary crystallization product from α-Al to a cubic metastable intermetallic phase. A five hour anneal of Al 88 La 3 Gd 5 Ni 4 glasses at 50°C below T x produced faceted grains (of a 7.9 fcc cubic phase) with a typical diameter of 65 nm and a density of approximately 2x10 20 /m 3 (fig 8) . Much of the remaining matrix was still amorphous. EDXS measurements of the intermetallic phase gave an average composition of Al 89 Gd 5 La 3 Ni 3 , very close to that of the as-quenched ribbon. The same metastable cubic phase forms in Al 88 La 4 Gd 4 Ni 4 glasses, but the nucleation and growth rates are much faster. An Al 88 La 4 Gd 4 Ni 4 glass that was annealed for one hour at a temperature that was 50°C below T x (190°C) contained a dense microstructure of impinging grains with a 70-100 nm typical diameter ( fig. 9 ). Weaker peaks in SAD patterns indicate that α-Al is likely present in the regions between the larger intermetallic grains. All glasses with larger values for r RE (Al 88 La x Gd 8-x Ni 4 with x = {3,4,6}) showed fully dense microstructures containing the same intermetallic phase, either when annealed isothermally at temperatures near T x or when scanned to temperatures slightly above T x . As mentioned previously, x-ray diffraction studies show that this cubic intermetallic phase is metastable, transforming at higher temperatures to other known intermetallic phases, such as Al 11 RE 3 and Al 3 Ni. It is probably not coincidental that the sizes of these crystallites match the length scale of the phase separated regions typically seen in the as-quenched alloys. A reasonable assumption is that each phase separated region is crystallized by the nucleation and growth of a single grain. The near polymorphic composition of the metastable cubic phase allows faster growth, whereas α-Al growth is limited by solute diffusion.
Isothermal DSC measurements were made to study the crystallization kinetics of the Al 88 RE 8 Ni 4 glasses. Previous work has demonstrated that the crystallization kinetics of amorphous Al 88 La 2 Gd 6 Ni 4 alloys to α-Al cannot be straightforwardly explained by the Johnson-Mehl-AvramiKolmogorov (JMAK) theory. As mentioned in the introduction, the α-Al grains nucleate preferentially at the boundaries of the phase-separated regions and grow by diffusion-controlled processes. A more realistic model that takes account of this devitrification microstructure predicted JMA exponents, n, between 1.1 and 1.3, consistent with values obtained by us and others (Gangopadhyay et al. 2000) . These values are much smaller than those expected for steady state nucleation and interface-limited growth (n = 4) or steady state nucleation and diffusion-limited growth (n=2.5), and might be falsely interpreted as indicating a lower dimensional nucleation and growth process. They actually reflect the inhomogeneous nucleation and diffusion-controlled growth within a nano-domain, both violating key assumptions of the JMAK theory.
Isothermal DSC studies of the crystallization kinetics to the metastable intermetallic phase were made here for the alloys containing larger rare-earth elements (r RE > 1.821). As shown in Fig. 10 , a JMAK plot of the volume fraction crystallized to the intermetallic phase as a function of time, x(t), for Al 88 La 6 Gd 2 Ni 4 at 230 o C gives an Avrami exponent of 2.5. The dramatically different Avrami coefficients reflect the fundamental differences in the crystallization process for the intermetallic phases and α-Al, and are consistent with TEM studies of the devitrification microstructure. There are several nucleation events for α-Al at the boundary of the phase-separated regions, and growth requires solute rejection. In contrast, there is only approximately one nucleation event of the intermetallic phase inside each phase-separated region, and growth is nearly polymorphic (i.e. the composition of the initial and final phases are the same and, therefore, the growth should be interface limited). However, the Avrami exponent obtained (n=2.5) suggests diffusion-controlled growth. This apparent contradiction is resolved if one considers two important factors. First, the growth of the intermetallic phase occurs inside an extremely small region with a diameter 60-75 nm, leading to large deviations from the JMA equation and producing a lower effective Avrami coefficient (Levine et al. 1997) . Our calculations show, however, that this effect alone will not lower the exponent from 4 to 2.5.
It is conceivable that for a multi-component system like the present one, even polymorphic transformations are not interface-limited if the interface attachment rates of the atomic species are very different. If, for example, one species is rapidly incorporated, the concentration of that species is decreased in the amorphous phase near the growing crystallite. For a crystal phase that forms over a wide compositional range, such as a solid solution phase, this could simply shift the composition Figure 10 . JMAK plot of intermetallic transformation of Al 88 La 6 Gd 2 Ni 4 from isothermal DSC at 235°C. of the final phase. However, for an intermetallic phase with a limited stoichiometry and a strong compositional dependence of the Gibbs free energy, the driving free energy for growth will decrease if the composition shifts appreciably from the ideal value, providing a feedback mechanism to maintain the fixed stoichiometry of the crystal. Long-range diffusion in the amorphous phase to the cluster neighborhood is then required to reestablish the uniform composition in the neighborhood of the growing crystal. Diffusion-limited kinetics would then result, even for polymorphic crystallization, giving the observed lower value for the Avrami exponent. While plausible, further investigation in other multi-component alloys is clearly needed to confirm this explanation.
The crystallization of the ternary Al 88 La 8 Ni 4 alloy was also examined to determine whether the features discussed were due to the mixture of two rare earth species. Again, phase separation was observed in the as-quenched alloy. When annealed at temperatures near that of the first crystallization event observed in DSC, a densely crystallized microstructure was produced. The primary phase in this case, however, was the Al 11 La 3 phase, not the metastable intermetallic found in the quaternary alloys with slightly smaller r RE . After annealing at 190°C, the amorphous ring was no longer visible in SAD patterns, indicating that much of the available volume had crystallized to Al 11 La 3 . Also nanocrystalline α-Al was absent in both the as-quenched and the annealed samples.
Discussion
Compositional phase separation occurred prior to crystallization in all Al 88 Re 8 Ni 4 compositions studied, irrespective of the average size of the rare earth element. Since the rare earths are chemically similar, their diffusivity (related to r RE ) should be the controlling parameter for phase separation. The alloys made with larger r RE phase separated more easily, often during the quenching process, than those with small r RE . This is at first surprising, given the faster rare earth diffusion in the smaller r RE alloys. As already mentioned, however, energy-filtered TEM studies show that the transition metal (nickel) is the primary segregating species in the phase separated amorphous phases (A.L. Greer, 2000, private communications) . The observed trend shows that Ni diffusion is faster in glasses with larger rare-earths. A likely reason is the larger available free volume in the alloys containing the larger RE, due to size mismatch.
In the early stages of annealing and in some as-quenched alloys, 5-7 nm diameter circular regions of contrast due to isotropic phase separation were observed. The diameter of these regions increases with increasing annealing time, typically up to a maximum value of 50-80 nm, indicating coarsening of these phase-separated regions. The morphological evolution of the solute-rich and solute-poor regions is similar to the coarsening of phase separated domains that are observed in binary liquids (Cumming et al. 1992) . The size of the phase-separated regions can be estimated from x Dt ≈ , where D is the effective diffusion coefficient set by the segregating species. The diffusion rate of Ni, the segregating species, is of order 10 -19 m 2 /s 2 in Al-based glasses at the temperatures used for the pre-annealing treatments (Foley et al. 1996) , giving x ≈ 50 nm for a five hour annealing treatment, which is in good agreement with experimental observations. The degree to which phase separation develops depends on the annealing temperature; it is more prominent in anneals made at temperatures below T g . For higher annealing temperatures, nanocrystallization occurs rapidly, obscuring the evidence for prior chemical segregation. When the temperature is sufficiently high, phase separation and crystallization directly from the homogeneous glass become kinetically competitive, decreasing the dominance of phase separation.
Interestingly, the alloys with a smaller r RE , which did not show evidence for phase separation in the as-quenched material, also did not show a glass transition temperature in DSC. For the intermediate (1.811 ≤ r RE ≤ 1.821 ) and larger (r RE ≥ 1.821 ) rare earths, phase separation became increasingly prominent in the as-quenched alloys, as did T g . This suggests that at least one of the two phase separated glasses were more relaxed, or that the glass transition temperature of at least one was decreased to below the crystallization temperature in DSC. The glass transition of the homogeneous glass was likely hidden by the exothermic primary crystallization peak.
In those glasses that form nanocrystals of α-Al (Al 88 La 2 Gd 6 Ni 4 to Al 88 Gd 2 Er 6 Ni 4 ), the crystallization temperature (T x ) decreases with decreasing r RE . This trend supports the assumption that the nucleation and growth of α-Al is limited by the diffusion of the RE atom in the amorphous metal, away from the growth interface. From the binary phase diagrams (Massalski 1990) , the solubilities for both Ni and the RE in Al are very limited. Although Ni segregates during phase separation, the RE atoms do not, requiring the diffusion of the RE during crystallization. As r RE becomes smaller, their diffusion rate becomes faster, increasing the nucleation and growth rates for α-Al. The diffusion of the RE also produces the interfacial instability that causes dendritic growth for long annealing times. Both the dependence of T x on r RE and the tendency toward dendritic growth are absent in the glasses made with larger values for r RE, since the transformation is nearly polymorphic and requires no long-range diffusion of the RE atoms.
A comparison of the crystallization kinetics for glasses that formed α-Al (small r RE glasses) or the intermetallic phase (large r RE glasses) under equivalent annealing conditions (one hour annealing at 190°C) showed that crystallization to the intermetallic phase is much faster. Almost complete transformation, showing impingement of the metastable intermetallic phase grains, was observed in glasses such as Al 88 La 4 Gd 4 Ni 4 . However, in the α-Al forming glasses (e.g. Al 88 La 2 Gd 6 Ni 4 ), phase separation was evident but very little crystallization had occurred (less than 5% of available volume). EDXS measurements showed that the composition of the metastable cubic phase was similar to that of the glass. Crystallization was then polymorphic, not requiring long range diffusion, and giving much faster nucleation and growth kinetics than for the diffusionlimited crystallization to α-Al.
Conclusions
Phase separation prior to crystallization was observed in all Al 88 RE 8 Ni 4 alloys studied (Gd, La, and Er), independent of the average rare earth radii (r RE ). The phase-separated domains were between 50 to 100 nm in diameter, which is reasonable given the estimates of the diffusion rate for Ni, the segregating species (based on energy-filtered TEM results that are reported elsewhere). Phase separation was faster in alloys with larger r RE values, likely due to an increase in the Ni diffusion rate in the more open glasses. In glasses with smaller values of r RE, α-Al nanocrystals preferentially nucleated near the boundaries of the phase separated regions. While the diameter of the phase separated regions likely provides a natural mechanism for limiting the fineness of the crystallized microstructure, the nanocrystallized α-Al grains are much smaller, typically between 10 and 15 nm. As shown previously (Gangopadhyay, et al. 2000) , this is due to the overlapping diffusion fields from the different α-Al grains.
Phase separation alone is not sufficient to ensure the nucleation and growth of nanocrystals of α-Al. As r RE increases, the glasses crystallize to a coarser microstructure consisting of metastable intermetallic phases, irrespective of the degree of phase separation prior to crystallization. Here, the rare earth atoms, which do not compositionally segregate during phase separation, presumably slow down the nucleation and growth of the α-Al to the point that the formation of a metastable cubic intermetallic phase, which is closer in composition to the glass, becomes kinetically favored.
Although commonly observed in bulk metallic glasses, phase separation is unexpected in these Al-RE-TM glasses, given the high Al concentrations. Phase separation is clearly a dominant factor in the crystallization of these glasses; whether this is true of other Al-RE-TM glasses is an intriguing question. Phase separation was observed for a range of compositions in Al-RE-Ni glasses, but our preliminary investigations show no evidence for this in Al-RE-Fe glasses. This suggests that another mechanism may be responsible for the large nucleation density and small crystallite size in those and possibly other Al-RE-TM glasses (Kelton 1998). The results presented here, however, clearly show that phase separation must be considered as a possibility, even in Albased glasses.
